The purpose of this study was to examine the outcome of the application of the high density polyethylene
Introduction
Very little has been written about the HDPE-Jaipur technology, or the drainpipe leg, in internationally accessible literature (Meanley, 1991; Upadhaya et al., 1988) , and no references identified in relation to trans-femoral amputations. The HDPE-Jaipur system in its current form is the innovation of the Bhagwan Mahaveer Viklang Sahayata Samiti (BMVSS) limb centre at the SMS Hospital and Medical College in Jaipur, India. The original system was developed by Sethi (1974) at the same institution. The original beaten aluminium sheet construction (Sethi, 1974; Sethi, 1989) was replaced with HDPE-drainpipe (Upadhaya et al., 1988) because of material shortage and low cost. It has been widely spread to countries with amputees, who are financially destitute or poor because of its extremely low cost, the ability to provide rapid fittings with a minimum of workshop tools and equipment, and its ability to withstand extreme environmental and cultural conditions, where a majority of persons using the system do not wear shoes. The vulcanized Jaipur rubber foot has been described in detail pointing out advantages of flexibility, which allows squatting, cross-legged sitting and walking on uneven terrain without transfer of undue forces to the amputation stump (Sethi, 1974 and 1983; Sethi et al, 1978) .
This report will present the experiences from field visits to see amputees provided with prostheses about two years earlier.
Service provision of prosthetics
The ISPO assessment team visited centres in Honduras, Uganda and India. At all three centres the technology had been introduced at a three weeks training course provided by trainers from BMVSS.
The Teleton project in Honduras was sponsored by Rotary International, the materials supplied by BMVSS with the prescription supported by a physiatrist, and the prosthetics fabrication and fitting undertaken by an occupational therapist and a maintenance man. The projects in Kumi and Baluba, Uganda were coordinated by World Rehabilitation Fund (WRF) and utilised orthopaedic technologists and technicians with several years on-the-job training. The Indian project in Kerala was administered by the Tropical Health Foundation, sponsored by Rotary Jaipur Limb Project of the United Kingdom, and utilised technicians with more than fifteen years on-the-job training.
The follow-up was conducted in accordance with the system developed by ISPO (Jensen and Heim, 2000; Jensen and Raab, 2003) . For statistical analysis the Student's t-test (unpaired, two-tailed, two-sample, unequal variance) was applied.
Fabrication of prostheses
Plaster of Paris bandages were wrapped over wet stockinette aiming at a quadrilateral socket shape. Rectifications were minimal with the cast being smoothed of wrinkles and irregularities.
A mandrel was inserted, passing through the centre of the socket model and the distal end of the socket and extended to a length 2-5cm shorter than from the ischial tuberosity to the medial tibial plateau. The positive model was made of plaster of Paris. Total contact soft socket inserts were fabricated from a closed cell thermoforming foam material, such as Pelite.
The thigh section of the trans-femoral (TF) prosthesis was extended with a plastic fonner, or over the mandrel, equivalent to the length measured from the ischial tuberosity to the medial tibial plateau of the sound limb, and shaped with parallel side-walls medially and laterally on the distal 7-8cm.
A universal, side-neutral calf-shank positive model was made from a plastic negative model 12cm longer than the distance from the medial tibial plateau to the floor. The distal part was shaped to a tube, its size determined by the circumference of the proximal end of the prosthetic foot.
Sections of municipal water pipe of 6mm high density polyethylene (HDPE) plastic were cut from 12cm (4.5in) outer diameter pipe for the thigh section, and 10cm (3.5in) pipe for the shank section, with a length exceeding that required by 12-14cm to allow for shrinkage in length during the heating process. The pipes were draped with stockinette both inside and outside to prevent plastic droop. The pipes were suspended on a rod in an oven and heated for 45 minutes at a temperature of more than 200°C after which they could be moulded for at least five minutes. The plastic tube was pulled down over the positive model by the inner stockinette at the same time as another technician used felt blankets or thermoforming gloves to push the plastic down and shape it to the model. Plastic or wooden mallets were used to pound the plastic into the recesses and ensure full contact with the model. The distal end was tied off and cut leaving a transverse welded seam. Trim-lines were shaped to be similar to a typical quadrilateral design (Fig. 1) .
The shank section was trimmed so that the anterior edge formed the distal part of the knee extension stop, and the posterior trimline allowed for knee flexion exceeding 90°. The thigh section was allowed to fit at least 7cm into the shank section.
Different types of knee joints are available, but in the three projects followed the drop-lock style metal knee with side-bars was used (Fig. 2) . Static alignment was accomplished by ensuring that vertical anterior lines on the two sections formed a straight line.
The height of the prosthesis was determined without the foot, and the plastic trimmed to that length. The distal 7-8cm was heated over a hotplate and pushed over the proximal part of the foot, which is extended by about 6cm above malleolar height. The foot is aligned in standing with 10-15° plantarflexion, and finally secured to the shank section with 25mm round headed metal screws at 90° angle to each other. The Jaipur foot model (Sethi et al., 1978) in its current modification consists of an ankle piece of laminated wood, and a solid rubber block for the tarsal and metatarsal portion, joined together by a hind-foot built of sponge rubber layers glued together. The sole consists of tread reinforced rubber, and the whole construction is enclosed in rubber and vulcanised.
Demographics
From 158 prostheses provided 72 were seen for a clinical and technical follow-up after a median of 32 (10-57) months (Table 1) .
The median age of the subjects was 47 (9-91) years at the time of follow-up. Twenty (20) were on pension or had retired, 4 were children or students, and 36 in active work. Twenty-eight (28) were from urban areas, mostly from San Pedro Sula in Honduras, and the others were from rural areas.
A total of 25 (35%) did not use their HDPE-Jaipur limb and had some handicap in relation to mobility and independence. A further 21 amputees had major restrictions in ambulation and independence, whereas 26 were graded normal or with only minor limitations.
In more than half of the cases the amputation was caused by trauma; the remainder was caused by disease.
Amputation stumps, prosthetic fit and alignment
The stump lengths were at the mid-third level of the femur; none being excessively long or short ( Table 2) . Scars other than from the surgery, or protrusion of the femoral bone end were encountered in 38% (27/72). Very few skin disorders were recorded. By and large the stumps were fairly straight forward.
The prosthetic fit was recorded in 62 cases, and was considered a good fit in only 27% (17/62). Wide fit was observed in half of the cases, and a tight fit in 23% (14/62). Inadequate height of the socket wall was observed in more than half of cases. Misalignment was found in 78% (56/72) of cases; mostly because the sidebars of the knee joint were not parallel, or at same height, or because of poor alignment of the finished prosthesis, or of the foot. None of these imperfections were associated with major stump problems. Eventually unequal leg length exceeding lcm was measured in 36% (26/72).
Altogether the craftsmanship was found defective in 86% (62/72) of the cases.
Patient compliance
The Harold Wood Stanmore scores indicated a fairly unrestricted mobility and independence in 36% (26/72), and modest limitations for 29% (21/72). The prosthesis was in use for a median of 12 (2-24) hours daily, and 43% (20/47) claimed to walk more than lkm. The prostheses showed good evidence of use in 77 % (36/47) of cases. Twenty-five (35%, 25/72) were non-users. Among the 47 users 32 patients (68%) complained of pain, and among them 19 (40%) further complained of lack of comfort. In the non-user group 52% (13/25) had pain and 76% (19/25) lacked comfort. Twenty-three (23) users in India and Uganda were asked about squatting, which was possible for only 4; and sitting crosslegged, which only 3 were able to do.
The craftsmanship was unsatisfactory in 86% (62/72) due to misalignment (56), often in combination with an inadequate socket wall (37) or a tight fit (14). Socket wall problems were in 73% (27/37) associated with misalignment. Eighty-two per cent (82%, 37/45) of patients with pain had one or more technical errors.
The patient compliance was modest; 65% (47/72) claiming to be daily users. A total of 35% (25/72) were non-users of the HDPE-Jaipur prosthesis. At the time of amputation 86% (62/72) were working, but this had dropped to 50% (36/72) by the time of follow-up.
The non-users of HDPE-Jaipur technology were seen on equal terms with the rest of the group; their follow-up time being a median 35 (11-52) months (Table 3 ). The non-users were older than the other groups (P<0.0001), and only 3 prostheses showed evidence of use. Some 84% (21/25) of the patients complained; either of pain or lack of comfort. Failures had occurred in 32% (8/25) and two (2) suspension belts were replaced. Misalignment was recorded in 56% (14/25) of this group, and socket wall inadequacy in 40% (10/25).
Among the non-users 88% (22/25) were dissatisfied with the prosthesis. The technical r reasons for this, such as a need for a new socket or poor alignment, were identified by the assessors in 84% (21/25). However, 36% (9/25) appeared very weak or claimed that they had not received any training, whereas 16% (4/25) simply disliked the HDPE-Jaipur prosthesis.
Replacement of a worn suspension belt is a trivial procedure that does not represent any patient hazard, as was the case in 7 patients. These were grouped with another 4, who had not experienced any intervention or any failure (Table 4 ). Among these 64% (7/11) had some restrictions in mobility and independence. Although the prostheses showed evidence of use in all but 1 case, and the median use amounted to 12 (2-24) hours per day, only 27% (3/11) were able to walk more than lkm.
Six (6) patients complained of pain, and of them 3 further complained of lack of comfort. None had tight sockets but 64% (7/11) had wide socket fits; none had skin disorders. The craftsmanship was unsatisfactory in all cases because of misalignment; in 5 cases complemented with inadequate socket walls (Fig. 3) . In 91% (10/11) of cases the poor alignment was associated with the knee joint (side-bars, Fig. 4 ). However, 91% (10/11) were satisfied with their HDPE-Jaipur prosthesis.
System related failure with any prosthetic system is defined as non-use, or break-down that requires repair or replacement of components or prosthesis, although a worn suspension belt alone is not recorded as a separate failure. In this Fig. 3 . Inadequate socket wall -anterior, lateral, tuber seat. Fig. 4 series of trans-femoral amputees the total failure rate was 85% (61/72); constituted of 35% (25/72) non-users and 50% (36/72) with failed prostheses (Table 5 ). These patients were rather young, were followed for a median of 30 (10-57) months, and their prosthesis had failed after a median of 23 (6-57) months. Socket changes were required in 13 cases because of poor fit, which is 28% (13/47) of users, or 36% (13/36) of patients, who needed repair. One of them required a total, new prosthesis due to growing out of the old socket. Among the non-users 7 needed a new socket, which means that more than 1 patient in 4 needed a new socket within 3 years.
Failures of fixation or function of the knee joint (side-bars, Fig. 5 ) occurred in 18 cases, requiring replacement (Fig. 6 ) in 13 cases. This represented 38% (18/47) of users, or 50% (18/36) of patients with failures.
The failures were associated with the prosthetic foot or its fixation (Figs. 7-10) in 22 cases, requiring replacement of the foot in 6 cases. Foot failures were sustained by 47% (22/47) of users, and occurred in 61% (22/36) of patients experiencing failure. Fig. 9 . Failure of foot between keel of the heel and keel of middle foot.
A further 4 patients required a new prosthesis because of combined failures of knee and foot, adding up to a total of 23 patients requiring new components; equivalent to 49% (23/47) of users, or 64% (23/36) of repairs.
The causes of failure were related to the components, or their assembly in 92% (33/36) of cases.
Among the patients with a failed prosthesis only 19% (7/36) were unsatisfied. Technical reasons for this, such as need of a new socket, poor alignment or socket wall inadequacy were identified by the assessors in all but one patient, who complained of discomfort. The overall results are presented in Table 6 .
Evaluation of the study
The study was intended to be directed towards the cohort supplied with prostheses during the calendar year 1999. However, the communication systems in these low-income countries make it difficult to find patients and even more to motivate them to show up. The time period was extended into year 2000 for India and Honduras, and backwards into year 1998 for India.
Over the time span of the study 80 TFprostheses were provided in Honduras, 35 in Uganda and 43 in India, totalling 158. Some amputees were deceased, others were not called up, resulting in 46% (72/158) of the cohort being seen for the follow-up.
Based on confidence interval for estimated proportions it is possible to evaluate the reliability of the results obtained from subpopulations of the original finite population of N=158 (Machin et al, 1997) .
If, for instance, the true proportion of e.g. inadequate fit among the cohort of 158 is 63%, a sample size of 50 is required to produce a 95% confidence interval with a width of +10 percentage points around the estimated proportion. Other combinations of proportions and sample sizes can be seen in Table 7 .
Assuming that proportions found among the 72 amputees seen are of similar magnitude to those in the complete population of 158 amputees provided with prostheses the table shows the sample size of 72 amputees is sufficient for producing confidence intervals with a reasonable width. For misalignment, the observed proportion was 78%, which leads to the confidence interval [0.71-0.85]. This interval includes 95% probability the true proportion in the total population of N=158.
This analysis was performed for each of the projects involved, but the sampling numbers for each project were low and the requirement for statistical adequacy could not be met. However, when the numbers were pooled together the sampling allowed the authors to conclude, with 95% certainty, that the HDPE-Jaipur technology for TF-amputees failed to meet the standards for socket fit, alignment, craftsmanship and system related failures, patient compliance, and occurrence of pain.
Discussion
There are two main areas to consider when evaluating the quality and durability of prosthetic devices; namely the training of the staff providing the services, and the materials/components.
At the ISPO Consensus Conference in Cambodia, 1995, appropriate technology for developing countries was defined as: "Appropriate technology is a system providing proper fit and alignment based on sound biomechanical principles which suits the needs of the individual and can be sustained by the country at the most economical and affordable price". In the studies analysed here inadequate or no formal training or education had been given to the technicians. This means that the proper understanding of biomechanical principles was simply not there. This was reflected by 63% having unsatisfactory fit; mostly being a wide fit, which cannot sustain the suspension of the prosthesis and comfort in walking. The muscles contracting within the socket cannot transfer the forces to the artificial limb. The socket wall was found inadequate in 51% of cases, mostly with regard to the medial wall, but also the anterior wall and the ischial seat. Eventually misalignment of the prosthesis was identified in 78% of patients; mostly in combination with misalignment of the knee side-bars with lack of parallelism and dorsiflexion or rotation of the foot. All these three issues (poor fit, inadequate wall, and misalignment) are products of the inadequate knowledge about biomechanics and prosthetics technology.
In comparison inadequate socket walls were hardly seen in a series of trans-femoral amputees fitted by ISPO Category-I prosthetists (Jensen and Raab, 2004) .
The lack of parallelism of the side-bars restricted motion of the knee joint and increased shear on the fastening rivets, probably contributing to all but 3 of the amputees walking with a locked knee. During the dynamic alignment phase of fitting the alignment adjustment was only possible at the shank interface with the Jaipur foot, whereas other adjustment procedures had to be done during the bench alignment.
It was expressed as a problem that the material came as a tube instead of a sheet, but there are technical difficulties to be overcome, if lamination on the positive model should utilize drainpipes as raw material. However, any modification in fabrication and fitting, and even the current techniques require presence of technicians or technologists with adequate training and education in biomechanics, materials engineering and fitting of TFprostheses.
On the materials/component side 85% system related failures were recorded, as compared to 48% with the TATCOT system (Jensen and Raab, 2004) . A failed socket (24%) means lack of fit and requirement of a new socket, which is basically a craftsman problem, but also related to materials behaviour and the fashion in which the HDPE tube is pulled down over the positive model.
Failures of the knee joint (28%) leads to requirement for a new knee (13), or a new prosthesis (3). The situation would probably improve by changing to another model with an axis, which is also a component that can be provided by BMVSS. In the TATCOT series with uniaxial knee joint the need for a new knee or prosthesis was 15%.
The foot failures (29%) were related to wear of the sole or failure of the keel, but only 6 needed replacement after a median of 2 years. This result is equivalent to those obtained (Jensen and Raab, 2004) with TF-prostheses that revealed 31% failures after 15 months with the CRE-SACH foot and 19% failures after 20 months with the TATCOT SACH foot.
Patient compliance and satisfaction are only relative measures of success. A benchmark was achieved with the TATCOT system and the polypropylene system from ICRC (Jensen and Raab, 2004) reporting 98%.
Among the non-users in this series 88%
(22/25) were not satisfied with the HDPE-Jaipur prosthesis as compared to 17% (8/47) of the users. Those being unhappy with the device had the most limited daily use of the prosthesis, short walking distance and mobility restricted to the closest vicinity. The users of the HDPE-Jaipur prosthesis wore their prosthesis for 12 hours daily on average, but only 28% (20/72) could walk more than lkm. Only 36% (26/72) were intensive users, and 35% (25/72) were non-users. As many as 40% (19/47) of users experienced discomfort. These results are poorer than previously reported with trans-femoral prostheses (Mittal et ah, 1987; Narang et ah, 1984) . The HDPE-Jaipur technology has been recommended on its merits of allowing amputees to squat and sit cross-legged, as is the habit in some parts of the world (Mohan et ah, 1992; Sethi, 1974; Sethi et al., 1978) . However, in this series only a few trans-femoral amputees in India and Uganda accomplished that option.
The second ISPO consensus conference on appropriate technology for low-income countries stated: "There is an urgent need for research, development and evaluation activities in relation to appropriate orthopaedic technology".
Against the findings of the presented field studies it is not possible to recommend the HDPE-Jaipur technology for TF-amputees as an appropriate technology with the way the services are provided and some of the components used. The material and components are of high technical standard and could provide a low cost possibility, but improvement is needed. The utilisation of manpower is unacceptable. The untrained, so-called technicians are unable to adapt a prosthesis to an amputation stump with a functional result even with more sophisticated materials and components. A recognised prosthetics training is required to ensure proper use of materials and correct alignment of the prosthesis. Patient satisfaction and compliance is considered quite low.
Conclusion
1) The results with prosthetic provision of the HDPE-Jaipur system, as implemented by informally educated and trained technicians cannot be considered as an adequate and appropriate prosthetic service, because of: • Poor craftsmanship 86%, due to the combination of any: • Poor fit 63%
• Misalignment 78% • Socket wall inadequacy 51% • Leg length discrepancy 36 % There is an obvious requirement of educating personnel to ISPO Category-II standard to make room for biomechanical understanding and improved craftsmanship.
2) The technical quality of the prosthetic system is unacceptable, because of: • Failure with replacement of components 50 % • New foot 8% • New knee 18% • New socket 18% • New prosthesis 6% There is an obvious need to improve the knee joint mechanism to bring the system to benchmarks (Jensen and Raab, 2004) .
3) The HDPE-Jaipur system does not live up to clinically acceptable standards with the current fashion of prosthetic service provision, because of:
• Low patient satisfaction 58% • Low patient compliance 65% • Non-users 35% • Walking distance < lkm 72% • Discomfort 53% The benchmarks of trans-femoral prosthetics recorded by ISPO (Jensen and Raab, 2004) should be strived for.
